People with schizophrenia exhibit impaired ability to modify electroencephalographic event-related potential (ERP) responses to novel stimuli. These deficits serve as a window into the abnormalities of neuronal organization and function and are thought to reflect a component of genetic vulnerability for schizophrenia. We describe differences among inbred mouse strains for ERPs following a novelty detection paradigm, as a model for genetic contributions to disease vulnerability. Auditory-evoked potentials were recorded during an auditory oddball task in nonanesthetized C57BL/6J, C3H/HeJ, and DBA/2J mice prior to and following ketamine (10 mg/kg). Stimuli consisted of 80 sets of 24 standard tones followed by one novel tone. Principal component analysis yielded four temporal components that contribute to the auditory ERP responses to standard and novel stimuli. Two principal components that varied between standard and novel stimuli also differed among inbred mouse strains. Post hoc analyses indicate that strain effects on novelty detection are due to a significant difference between the response to novel and standard tones in C3H/HeJ mice that is absent in the other two strains. Inbred strains of mice vary in their ability to perform neuronal detection of change in the auditory environment. The ability to model novelty detection deficits in mice will aid in identifying genetic contributions to abnormal neuronal organization in people with schizophrenia.
INTRODUCTION
Sensory event-related potentials (ERPs) have been widely used to examine basic neuronal activity in both normal brain function and disease-related impairments. Such electroencephalographic ERP measures have been studied extensively in schizophrenia, and have revealed abnormalities in the basic processing of both repeated and novel environmental stimuli (Freedman et al, 1983; Shelley et al, 1991; Javitt et al, 1993; Catts et al, 1995; Boutros et al, 1999; Mathalon et al, 2000) . Animal models of ERP abnormalities have been developed to assist in examining pharmacological, environmental, and genetic factors that influence impaired profiles seen in people with schizophrenia (Javitt et al, 1996; Leonard et al, 1996; Ruusuvirta, 1999; Pincze et al, 2001) . Notable among these models have been studies of the mouse analog of gating of the human P50/N100 ERP to repetitive auditory stimuli (Stevens et al, 1996) . These efforts in mice have resulted in the discovery of straindependent expression of hippocampal P20/N40 gating and the identification of a candidate gene for the phenotype, including the a7-NAChR nicotinic receptor .
The ability to detect change in auditory stimulus characteristics is a basic neuronal function that can be measured in humans with ERPs. These include the mismatch negativity, the P300 (also termed P3) and a novelty-elicited component occurring between 400 and 600 ms, termed the slow wave (Ford and Hillyard, 1981; Roth et al, 1981; Sams et al, 1983; Paavilainen et al, 1989; Ogura et al, 1991; Alho et al, 1998; Ceponiene et al, 1998; Escera et al, 1998; Schall et al, 1999; Spencer et al, 2001) . Mismatch negativity is an automatic electroencephalographic response to change in stimulus characteristics such as tone or duration. It occurs between 100 and 225 ms in humans and is viewed as an indicant of early detection of novelty in the environment. Multiple studies have shown that mismatch negativity is reduced in people with schizophrenia, as well as their first-degree relatives, and is disrupted by NMDA antagonists including ketamine in humans and monkeys (Shelley et al, 1991; Javitt et al, 1993 Javitt et al, , 1996 Umbricht et al, 2000; Jessen et al, 2001; Siegel et al, 2001) . The P300 is an auditory-evoked potential with a latency of approximately 320 ms that is elicited by changes in stimulus quality and has been shown to differ in people with schizophrenia in both amplitude and latency of the response (Schall et al, 1999; Mathalon et al, 2000; Grzella et al, 2001) .
The current study describes the use of mice for the examination of interstrain variation for the amplitude of the novelty-evoked response as well as the effect of NMDA blockade with the noncompetitive NMDA antagonist ketamine. As mice are amenable to both pharmacological and genetic manipulations, this approach is proposed to facilitate candidate gene discovery relevant to schizophrenia. The strains chosen for this first demonstration of novelty ERPs in mice include C3H/HeJ mice that display maximal gating of the P20/N40 ERP, DBA/2 mice that display schizophrenia-like gating of evoked potential responses, and C57BL/6J mice that display an intermediate gating profile and serve as the background strain for the majority of transgenic animals of interest in the Mouse Neurobehavioral Genetics Program at the University of Pennsylvania (Stevens et al, 1996) .
MATERIALS AND METHODS

Animals
Mice were obtained from Jackson Labs (Bar Harbor, ME) at 7-8 weeks of age, C57BL/6J (n ¼ 10), C3H/HeJ (n ¼ 14), and DBA/2J (n ¼ 12). All testing was conducted between 8 and 10 weeks of age.
Surgery
Animals underwent stereotaxic implantation of tripolar electrode assemblies (PlasticsOne Inc., Roanoke, VA) for nonanesthetized recording of hippocampal auditory-evoked potentials. All protocols were conducted in accordance with University Laboratory Animal Resources (ULAR) guidelines, and are approved by the Institutional Animal Care and Use Committee (IACUC). Animals were anesthetized with ketamine hydrochloride/xylazine (100/10 mg/kg) prior to surgery. Surgical coordinates were measured relative to bregma in the x, y, and z dimensions. Three stainless-steel electrodes, mounted in a single pedestal, were aligned along the sagittal axis of the skull at 1 mm intervals with precut lengths of 3.0 mm (positive) and 1.0 mm (ground and negative). Positive electrodes were placed in the CA3 hippocampal region 1.4 mm posterior, 2.75 mm lateral, and 2.75 mm deep relative to bregma. Negative electrodes were placed adjacent to the ipsilateral neocortex at 0.6 mm anterior, 2.75 mm lateral, and 0.75 mm deep relative to bregma. Ground electrodes were located between recording and reference at 0.4 mm posterior, 2.75 mm lateral, and 0.75 mm deep to bregma. The electrode pedestal was secured to the skull with cyanoacrylic cement (PlasticsOne, Roanoke, VA). Following surgery, animals were individually housed and allowed to recover for 24 h prior to the recording of evoked potentials.
Recording
Each animal was placed in a sound-attenuated recording chamber (background white noise 70 dB) inside a Faraday electrical isolation cage. Electrode pedestals were connected to a 30 cm tripolar electrode cable that exited the chamber to connect to a high-impedance differential AC amplifier (A-M systems, Carlsborg, WA) set to 1000 Â amplification, 1 Hz/500 Hz band-pass filter. EEG activity was recorded using ERPSYSTEM (Neurobehavioral Laboratory Software, 1991) on a 486-microprocessor computer. Each animal was allowed to explore the chamber for 15 min prior to recording to habituate to the setting. Stimuli were generated by ERPSYSTEM software and were delivered through a speaker attached to the testing chamber ceiling. Speakers were connected to a model SA-155 audio amplifier (Radioshack, Fort Worth, TX), which was interfaced with the computer. Standard stimuli were pure 1500 Hz tones of 50 ms duration at 75 dB SPL. Novel pitch stimuli were 3000 Hz tones of 50-ms duration at 75 dB SPL. Each trial was composed of a train of 24 standard tones followed by one novel tone. The interstimulus interval was 500 ms between all tones. Electroencephalographic signal was digitally sampled at 1000 Hz, from 40 ms prior to stimulus onset until 280 ms after each tone. Following recording of evoked potentials, electrode tips were marked for histological evaluation with deposition of iron around the electrode site. A total of 80 sets of 24 standard and one novel tone were presented. Average waves were created for the novel and the 24th standard tone to keep the trial number constant between conditions. Recordings were conducted prior to and following administration of ketamine (10 mg/ kg) ( Figure 1 ).
Data Analysis
Four waveforms were obtained from each mouse, including the novel and standard tone responses both before and after ketamine administration. Since there are no previous data regarding the nature of the ERP response to novelty in mice, principal components analysis (PCA) was used to identify components of the auditory ERP response that exhibited variation associated with strain, tone condition, and drug administration. This method was selected since it allows for objective determination of constituent ERP components that contribute to the overall response by deconstructing the wave into portions that vary in conjunction with identified variables. PCA was performed on all 144 baseline-corrected waveforms from 36 mice. Components were retained for further analysis based on the scree plot of eigenvalues. Varimax rotation was performed to maximize loading of factors onto the smallest number of temporal components (Spencer et al, 2001) . Repeated measures analysis of variance (ANOVA) was then used to examine the effects of strain, novelty, and ketamine administration on the factor scores, both across all components and separately for each individual component, with strain as the independent variable and stimulus condition (novel vs standard) and ketamine administration (pre vs post) as within-group factors. Significant multivariate or interaction effects were followed by post hoc paired contrasts.
RESULTS
Four principal components, accounting for 79% of the variance, were identified from the scree plot of eigenvalues following factor analysis ( Figure 2 ) (Cattell, 1966; Bentler and Yuan, 1996) . Mean factor scores for each strain, tone condition, and drug state are presented in Table 1 . The omnibus ANOVA revealed a significant effect of strain across the four components (Wilks' l(8,60) ¼ 0.53, p ¼ 0.01), indicating that the auditory ERP differs among the strains. Subsequent paired contrasts indicated that this was due to a difference between C3H/HeJ and DBA/2J (Wilks' l(4,30) ¼ 0.59, po0.01). This overall strain effect is apparent in the grand average ERP waveforms for the different strains, averaged across all stimulus and drug conditions. There were no significant effects of drug or condition that were evident across all components. Figure 3 demonstrates the ERP waveform for each strain across stimulus conditions and drug treatment. An example of a human auditory ERP is included to provide for comparison of the relative latencies between mouse and human waveforms. The first temporal component identified by PCA accounted for 28% of the variance, with peak factor loading between 210 and 240 ms and with an earlier lower amplitude peak at approximately 40 ms (Figure 2a ). ANOVA of component 1 yielded a significant interaction effect between strain and novelty (F(2, 33) ¼ 3.88, p ¼ 0.03). This reflected a significant difference between C3H/HeJ and DBA/2J (F(1, 33) ¼ 7.33, p ¼ 0.01). Post hoc comparisons indicated a difference between novel and standard responses for C3H/ HeJ mice (F(1, 33) ¼ 9.20, po0.01), but not C57BL/6J or DBA/2J.
The second component accounted for 22% of the overall variance with maximal amplitude at approximately 150 ms (Figure 2b) . A smaller negative deflection was present at approximately 40 ms. ANOVA for component 2 revealed independent main effects for both strain (F(2, 33) ¼ 4.14, p ¼ 0.02) and novelty (F(1, 33) ¼ 6.05, p ¼ 0.02), with no effect of drug and no interactions between variables. Post hoc analyses indicated that the effect of strain was due to a significant difference between C3H/HeJ and DBA/2J (F(1, 33) ¼ 8.14, p ¼ 0.01), with C3H/Hej mice having the greatest component activity and DBA/2J the least. ERP responses for the individual strains (Figure 3) indicate that C3H/HeJ mice have the highest amplitude response at 150 ms and a broader trough at 40-50 ms than DBA/2J mice. The novel-standard difference reflected a higher mean 7 SD factor score for novel (0.13 7 1.00) than standard (À0.13 7 0.99). Given the orientation of component 2, this indicates that the overall ERP would be more positive at 150 ms following novel stimuli, independent of strain or drug state, and this is, in fact, what we observe (Figure 4) .
The third component accounted for 21% of the variance, with maximal factor load values between 60 and 80 ms (Figure 2c ). ANOVA performed on component 3 scores indicated a main effect for strain (F(2, 33) ¼ 5.46, po0.01), without significant effects of novelty or ketamine. This strain effect, again, reflected a significant difference between C3H/HeJ and DBA/2J mice (F(1, 33) ¼ 10.92, po0.01), with C57BL/6J being intermediate between but not significantly different from either of the other two. Mean 7 SD component 3 score for C3H/HeJ mice was negative (À0.35 7 0.98), while that for DBA/2J mice was positive (0.42 7 1.01). Evoked potentials from these strains ( Figure  3) indicate that the amplitude of response in the ERP interval dominated by component 3 is more positive in DBA/2J than C3H/HeJ mice when averaged across all stimulus and drug conditions. Qualitative analysis of ERP waves suggests that DBA/2J (Figure 3b ) and C3H/HeJ (Figure 3c ) are similar in their N40 amplitudes. However, DBA/2J mice return to baseline by 60 ms, while C3H/HeJ mice remain negative until approximately 80 ms.
The fourth component accounted for 7.5% of the total variance and had maximum loadings between 12 and 22 ms (Figure 2d ). ANOVA revealed a significant interaction between stimulus condition and ketamine administration (F(1, 33) ¼ 5.62, p ¼ 0.02). Ketamine increased the amplitude of this component response to novel stimuli, while decreasing the response to standards. Although mean factor scores are relatively higher for the standard condition before ketamine, they are lower after ketamine administration. There was no significant effect of strain on component 4.
DISCUSSION
This study demonstrates that mice display alterations in auditory-evoked potentials following novel stimuli and that these novelty responses are strain dependent. People with schizophrenia, and many of their first-degree relatives, display deficits in novelty-evoked potentials making this ERP phenotype well suited to investigate the neurobiological and genetic contributions to the illness (Sams et al, 1985; Turetsky et al, 2000; Jessen et al, 2001; Michie, 2001 ). A mouse model of novelty-induced ERP components would facilitate not only the investigation of cellular mediators of impaired novelty-related ERPs, but would add the potential for analyses of genetic factors that contribute to these neurobiological mechanisms. Novelty-related ERP components are defined in humans based on their latency, orientation, and stimulus response properties (Spencer et al, 2001 ). These components include the mismatch negativity between 100 and 225 ms, the P300 at approximately 300 ms, and the slow wave at approximately 500 ms (Paavilainen et al, 1989; Alho et al, 1998; Ceponiene et al, 1998; Schall et al, 1999; Umbricht et al, 2000) . We are not aware of previous studies describing novelty-related evoked potentials in mice. Therefore, the current study seeks to establish the latencies, orientations, and amplitudes for novelty-related ERP components in mice so that future studies can utilize mouse models to investigate neuropatho- , and C3H/HeJ (c) mice. Additionally, an example of a human ERP averaged across stimulus type (novel and standard) is included to demonstrate the morphology of the human P50, N100, P200, P300 and slow wave in relation to the mouse P20, N40, P80, P120 and slow wave. Note that the time scale for mice is 40% that in humans and the amplitude of evoked potentials is greater in mice due to the use of intracranial electrodes as compared to scalp electrodes in humans. Human ERP responses to novel (black) and standard (gray). Note that the human P300 and mouse P120 display increased amplitude following novel stimuli. As in Figure 3 , the time scale for mice is 40% that in humans and the amplitude of evoked potentials is greater in mice due to the use of intracranial electrodes as compared to scalp electrodes in humans.
logical and genetic factors that contribute to novelty-related ERP deficits in schizophrenia. In order to use mice to investigate ERP abnormalities in schizophrenia, we must first establish which components in the mouse ERP correspond to the relevant ERP components in humans. As demonstrated in Figures 3 and 4 , the human and mouse auditory ERP share similar overall morphology. The mouse P20 and N40 bear similarity to the human P50 and N100 in relative latency and orientation. Previous studies have shown that the mouse P20/N40 waveform is gated following repeated stimuli similar to the human P50 and N100 components (Siegel et al, 1984; Stevens et al, 1996; Boutros et al, 1999; Connolly et al, in review) . Following the N100, the human ERP contains an automatic positive deflection at approximately 200 ms termed the P2 or P200 (Frodl et al, 1998) . Similarly, the mouse auditory ERP contains a positive deflection at approximately 80 ms following the N40, which we have termed the P80 (Figures  3c and 4a) . After the P200, a novelty responsive component termed the P3 or P300 occurs in humans at approximately 300 ms (Ogura et al, 1991; Frodl et al, 1998) . Similarly, the mouse P80 is followed by a peak that is augmented by novelty at approximately 120 ms, which we have called the P120 (Figure 4a ). Taken together, these data suggest that auditory ERP latencies in the mouse are approximately 40% of those seen in humans.
PCA analysis in the current study identifies four temporal components with morphological and response properties similar to the P20 (component 4, Figure 2d ), the P80 (component 3, Figure 2c ), the P120 (component 2, Figure  2b ), and the slow wave (component 1, Figure 2a) . Additionally, the N40 was distributed between PCA components 1 and 2 (Figure 2a and b) . We propose that PCA components 4 and 3 represent the mouse P20 and P80, which we consider are mouse equivalents of the human P50 and P200. Consistent with this hypothesis, neither of these PCA components displayed a main effect for novelty. PCA component 1 is proposed to represent the slow wave with an additional contribution to the N40. This component displayed a novelty effect among C3H/HeJ mice, but not the other two strains. As such, this component supports the use of inbred strains of mice to model novelty-evoked potentials that have been proposed to have a genetic determinant (Schreiber et al, 1992; Turetsky et al, 1998b Turetsky et al, , 2000 Karoumi et al, 2000; Winterer et al, 2001) .
Among all of the PCA components identified in this study, only component 2 showed a main effect of novelty that was independent of strain or drug. The peak latency of component 2 was between 120 and 150 ms, consistent with a proposed mouse equivalent of the human P300 at 40% of the human latency. PCA component 2 may represent the mouse equivalent of the human P300, and subsequent investigations could analyze this portion of the mouse ERP for changes in amplitude with novelty. Furthermore, genetic and pharmacological manipulations could be examined for effects similar to P300 deficits in schizophrenia. Component 2 also showed a main effect for strain that was due to a difference between C3H/HeJ and DBA/2J mice. While there are no previous data regarding the P300 component in various strains of mice, there is a precedent for strain differences in other ERP components, including the P20/ N40 (Stevens et al, 1996) . In the case of P20/N40 gating, C3H/He mice display ERP profiles similar to healthy populations, while DBA/2 mice have lower levels of gating, similar to patients with schizophrenia (Stevens et al, 1996) . The current study suggests that DBA/2J mice may also display a decreased P300-like component relative to C3H/ HeJ mice. Since people with schizophrenia have decreased P300 amplitudes, the current study suggests that DBA/2J and C3H/HeJ mice may serve as a useful model to understand differences in neuronal networks that mediate P300 responses in people with and without schizophrenia (Roth et al, 1980a b; Blackwood et al, 1987; Brecher et al, 1987; Pfefferbaum et al, 1989; Ford et al, 1992; Turetsky et al, 1998a, b) . Additionally, component 1 exhibited an interaction between strain and novelty due to a difference in the response to novel and standard tones in C3H/HeJ mice, which was absent in the other two strains. When compared directly, C3H/HeJ mice differed from DBA/2J mice on this novelty-standard difference. These findings suggest that C3H/HeJ mice are able to mount distinct responses to novel and standard stimuli, while DBA/2J mice are not. Again, this is consistent with the hypothesis that C3H/HeJ mice possess a pattern of neuronal organization that allows for a greater degree of novelty detection than DBA/2J mice. To the degree that novelty detection has been shown to be impaired in people with schizophrenia, this is also consistent with the hypothesis that DBA/2J mice may serve as a useful model for the neuronal abnormalities that contribute to ERP deficits in this patient population.
The mismatch negativity following auditory pitch deviance occurs in humans at approximately 150 ms. Therefore, we would expect to find a mouse equivalent of the mismatch negativity at approximately 60 ms based on a proposed latency of 40% that in humans. However, the current study does not identify a novelty-responsive PCA component to support the presence of mismatch negativity in the strains tested. This lack of mismatch negativity in the current study, as well as the lack of a ketamine effect on novelty detection, may be due to the relatively short interval of 24 h between electrode surgery and testing. This interval was chosen to minimize the effects of mechanical disruption due to chronic electrode implantation as well as the potential stress effects of isolation rearing during individual housing, which has been shown to alter ERPs in rats . Additionally, previous data in our laboratory demonstrate that gating of the P20/N40-evoked potential is not altered in DBA/2 mice between 1 and 7 days following surgery (Connolly et al, in review) , and preliminary studies in our laboratory indicate that novelty detection is not altered in any of the PCA components in DBA/2 mice between 1 and 7 days following surgery. While previous studies of gating of P20/N40-evoked potentials in mice have utilized anesthetized animals, the methods developed in the current study allow for nonanesthetized recording of evoked potentials in mice (Stevens et al, 1996; Stevens and Wear, 1997; Simosky et al, 2001) . Future studies could investigate potential interactions between postoperative interval and novelty detection among various strains of mice to further examine the possibility that mismatch negativity was masked in the current design.
An animal model of novelty-related potentials could also facilitate evaluation of the anatomic localization of specific components in ways not possible in humans. The majority of evidence indicates that the cerebral generator for the P300 originates within the primary auditory cortex, with additional contributions from the hippocampus, thalamus, and prefrontal cortex (Ruusuvirta et al, 1995; Alho et al, 1998) . Data presented within this initial study of noveltyevoked responses in mice utilized bipolar recording of field potentials between a neocortical and hippocampal location, precluding the ability to localize specific generators. However, future studies could examine the independent contributions to novelty-related evoked potentials from individual cerebral locations.
In summary, the present study suggests that ERP components in the mouse occur at approximately 40% of the latency in humans. These consist of the previously described P20 and N40 components, which we propose to represent the P50 and N100, respectively. Additionally, we describe an automatic evoked potential that does not respond to novelty, which we have called the P80, and that is similar to the human P200. We also describe a mouse equivalent of the P300 at approximately 120 ms, which we call the P120, and a novelty-responsive slow wave component at approximately 240 ms. Lastly, we describe differences among inbred strains for several of these evoked components that support the use of C3H/HeJ and DBA/2J mice as models for patterns of neuronal organization that underlie abnormalities in evoked potentials among people with schizophrenia and their first-degree relatives.
